When incubated with acid, alkaline, and neutral soils, a variety of synthetic sulfate esters representing the various classes of these compounds was hydrolyzed by enzymes, probably of microbial origin. The appearance of sulfate in the soil water occurred immediately after introduction into the soils with some esters, whereas with others it occurred only after lag periods. Heat treatment destroyed the hydrolytic activity in the soils. The ester sulfate groups-present in humic acid extracted from the soil appeared to be resistant to hydrolysis by a variety of sulfohydrolases extracted from bacteria and other organisms.
Sulfuric acid esters of various kinds are thought to play an important part in the metabolism of sulfur in soils (7, 8, 16, 17, 28) since appreciable quantities of sulfur are returned to the soil in this form in decaying organic matter and natural fertilizers. This arises from the widespread distribution of sulfate esters as structural components of plant and animal tissues and also as excretion products. The utilization of sulfate from these sources would involve the participation of a variety of degradative enzymes, including sulfohydrolases probably of microbial origin, which could liberate inorganic sulfate.
In support of this notion, several species of microorganisms, some of which are found in soils, have been shown to be capable of hydrolyzing various types of sulfate esters (31, 32) . The latter studies have, however, been concerned with culturing microorganisms from soils and examining the sulfohydrolases present in harvested cells or in the culture medium. It has not been possible to deduce from this work what the fate of sulfate esters might be in the soil environment under natural conditions. Furthermore, if a wide variety of sulfohydrolases are active in the soil environment, it becomes necessary to explain the existence of ester sulfate groups that supposedly occur in the large organic soil colloids, humic and fulvic acids (18, 25) . These are relatively stable mole- cules that could represent a storage form of sulfate.
The present study was undertaken to examine the fate of various types of sulfate esters when they remained in contact with undisturbed soil for various lengths of time and to I Present address: Department of Biological Sciences, Napier College of Science and Technology, Edinburgh EH 10 5DT, U.K. determine the stability of the ester sulfate groups of humic acid towards various types of sulfohydrolases. The implication of the findings for better understanding both the soil sulfur cycle and the potential of the soil environment as a source of sulfohydrolases which may be useful analytical tools is emphasized.
MATERIALS AND METHODS Soils. A Spodosol orthod, an Inseptisol ochrept, and a Mollisol rendoll soil were selected for study and obtained locally from Glamorgan and the Marlborough Downs, Wiltshire, U.K. Twelve random samples of the top 15 cm of the soils were collected, pooled, and sieved (2-mm mesh) while fresh. The pH of the soils was measured immediately after collection in a fresh soil-water mixture (1:2.5, wt/vol). The water content was determined after heating weighed samples of fresh soil to 110 C for 16 h. Samples were monitored for sulfohydrolase activity within 12 h of collection but for other purposes were stored at 2 C for up to 4 weeks.
Humic acid. Humic acid was extracted from 1 kg of fresh Inseptisol ochrept (equivalent to approximately 750 g of oven-dried material) by gently agitating with 4 liters of 0.5 M NaOH for 1 h. The insoluble material was separated by centrifuging at 3,000 x g for 1 h, and the supernatant was then acidified to pH 2.0 by the careful addition of 5 M HCl. After standing for 30 min, the precipitated humic acid was recovered by centrifuging at 3,000 x g for 1 h and dried by lyophilization to give fraction A (ash, 25.9%; water, 4.7%).
The acid was then dissolved in alkali as before, and the solution was clarified by centrifuging at 78,000 x g for 1 h. The humic acid was precipitated by acidification with HCl as before, and the whole procedure was repeated on the precipitate twice more. The final precipitate was then suspended in distilled water, dialyzed overnight, and lyophilized (fraction B: ash, 6.8%; water, 4.4%). A further deashing of fraction B was achieved by treatment with a hydrochloric acid-hydrofluoric acid mixture as described by Lowe (25 of ice-coldc 0.5 M tris(hydroxymethyl)aminomethane-acetic acid buffer, pH 5.5. Paper chromatography and electrophoresis. Onedimensional descending chromatography was performed on Whatman no. 1 paper for 16 h at room temperature with butan-1-ol-acetic acid-water (4:1:2, by volume). Paper electrophoresis was conducted on Whatman no. 1 paper in 0.1 M sodium acetate-acetic acid buffer, pH 4.5, for 2 h at a potential gradient of 11 V/cm.
Detection and measurement of radioactivity. Radioactive components on paper chromatograms or electrophoretograms were detected by exposing to X-ray film (Ilford Industrial B) for periods of up to 4 weeks and also by scanning with a Packard radiochromatogram scanner (model 7200). The relative amount of radioactivity associated with each area was measured from the record of the scanner as described by Dodgson and Tudball (12) . Total radioactivity in liquid samples was also determined by scintillation counting by the method of Dolly et al. (13) .
Sulfohydrolase assay procedures. The sulfohydrolase activities of the preparations toward their normal assay substrates were determined before testing their activity toward humic acid. Arylsulfohydrolase activity was measured spectrophotometrically (10) using the colorimetric substrates and conditions described in Table 1 . Alkylsulfohydrolase activity of the Pseudomonas C12B extract was determined by incubating 0.2-ml samples of the enzyme and potassium dodecyl L35S]sulfate under the conditions described (Table 1 ). The reaction was stopped and deproteinization was achieved by heating at 100 C for 2 min, followed by centrifugation at 2,000 x g for 10 min. Liberated sulfate was estimated by electrophoresis and scanning as described by Dodgson and Tudball (12) . The glycosulfohydrolase activity of the periwinkle extract was estimated as decribed in Table 1 using the barium chloride-gelatin method of Dodgson (3) .
Determination of sulfohydrolase activity toward humic acid. The same conditions were used for the assay of activity of the various enzyme preparations toward humic acid. Reaction mixtures (20 ml) containing equal volumes of fraction C humic acid suspension (20 mg/ml) and sulfohydrolase preparations were incubated for 24 h under the appropriate conditions for each enzyme (Table 1) . Samples (2.5 ml) were removed at 30-min intervals for up to 2 h and thereafter every 6 h. Organic acid and protein were precipitated by adjusting the pH to 1.5 with 5 M HCl. After freezing at -10 C and thawing, the suspended material was readily separated by centrifuging at 2,00t x g for 30 min. A 1.5-ml sample of the supernatant was lyophilized, and the solid residue was taken up in 0.1 ml of water for the determination of its inorganic sulfate content. Controls in which the humic acid and enzyme had been incubated separately were also prepared. Determinations of sulfate by the barium chloride-gelatin method of Dodgson (3) were made at 400 nm, where the absorption due to pigmented materials not precipitated by acidification did not interfere.
Soil analysis. The organic content of the soils was VOL. 31, 1976 derived (1) (22) and estimating the excess lead spectrophotometrically by the dithizonate method (34) .
The results of the soil analysis are given in Table  2 . The total sulfate content of the humic acid fractions was determined by the method of Johnson and Nishita (20) .
Determination of sulfohydrolase activities of soils. Sieved, freshly collected soil (2 g) was lightly packed into each of 15 (Table 3) .
Precise determinations of the total hydrolysis Measurements of the amount of ester and inorganic sulfate in the soil water at intervals were, however, made since this gave an indication of the rate at which sulfate became available from the various esters for further utilization as under natural circumstances. It appears that the esters were probably hydrolyzed by microorganisms or particle-adsorbed enzymes in the experimental soils since sterilization prior to incubation with ester sulfates destroyed the ability of the soils to hydrolyze all of the esters during the experimental period of incubation. Rates of sulfate release differed markedly, however. Although data are not presented, potassium dodecyl sulfate was hydrolyzed most rapidly in all three soils, nearly all the sulfate being liberated within 1 h. The ratio of ester to inorganic sulfate in the soil water could not be determined in this case since the ester was completely adsorbed onto the soil particles immediately. This did not prevent the measurement of the rate of inorganic sulfate release into the soil water, however. Potassium p-nitrophenyl sulfate and dipotassium nitrocatechol sulfate were also hydrolyzed extremely rapidly in all three soils ( Fig. lc and  d) , some hydrolysis having occurred within the time taken to separate the soil water without preincubation. In further experiments with Inseptisol ochrept, hydrolysis was complete in 2 h. Other esters were hydrolyzed more slowly, and several were minimally affected when incubated with Spodosol, pH 4.0 (Fig. la,b ,e,f, and g).
The initial rate of hydrolysis of phenyl sulfate (Fig. lb) appeared slower than that of the other arylsulfates (Fig. lc and d) . Hydrolysis of the additional esters (Fig. la,b,e,f, and g ) appeared to require lag periods before hydrolysis commenced, although lag times were decreased as soil alkalinity increased. G635S was subjected to complex catabolism by soil microorganisms and enzymes ( Fig. 2A) . Within 24 h the parent compound was dissimilated, but four sulfur-bearing intermediates were accumulated in addition to inorganic sulfate. TG35S underwent apparently simple cleavage before ester sulfate was removed. The dipeptide was hydrolyzed to yield glycine and a component that cochromatographed with TO35S, and it was from the latter monomer that sulfate was removed. Sulfur content of humic acid. Although part of the sulfur in humic acid is known to be ester sulfate, it was necessary to establish the characteristics of the sample used in this work before attempting to detect the sulfate ester groups and characterize them enzymatically. Humic acid was chosen over fulvic acid or other soil organic fractions because of the relative ease of extracting reasonable yields from soils. Humic acid has a higher sulfate content than fulvic acid, irrespective of the method of extraction and fractionation (18) . The three fractions (A, B, and C) of humic acid used in this work all contained roughly the same amount of sulfur, and approximately 50% of this appeared to be mainly sulfate (Table 4) since it was readily reducible by the method of Johnson and Nishita (20) . It appeared that the sulfate was relatively stable in acid solution at mild temperatures. It can be seen that the procedure employed to Table 5 .
These observations were again consistent with the existence of covalently bound (i.e., ester) sulfate in the isolated humic acid. The alternative possibility that the inorganic sulfate was simply adsorbed onto the organic material was also checked by an isotope-exchange experiment. An aqueous solution of humic acid containing 17 mg of fraction A was mixed with an equal volume of water or 0.2 M phosphate buffer, pH 7.0, containing a quantity of 3S-labeled sodium sulfate representing eight times the amount of sulfate ion present in the organic acid. The solutions were incubated at room temperature for 1 h before adjusting the pH of the solution to 2 with 5 M HCl. After centrifuging at 2,000 x g for 1 h the amount of radioactivity in a sample of the supernatant was determined and compared with that of corresponding controls not containing humic acid. No adsorption or exchange of sulfate onto the humic acid had apparently occurred. To determine the amount of isotope in the humic acid sulfate, the precipitated organic acid was washed five times by successively resuspending in 10 ml of water and centrifuging. The residue was then digested with 2 ml of fuming HNO3 for 4 h at 360 C as described by Young et al. (36) . After diluting the digest to 15 ml with water, inorganic sulfate was precipitated by adding 5 ml of 4 M HCI, 3 ml of 0. 15 environment. The absolute activity of these enzymes could not be determined since the situation was undoubtedly influenced by complex changes in the adsorption pattern of the unchanged esters and liberated inorganic sulfate as the incubation proceeded. However, changes in the appearance of sulfate and the concomitant disappearance of sulfate ester in the soil water could be observed. The relative rates of these changes for the various esters studied can be compared and can be considered to be due in part at least to the rate of sulfate hydrolysis, which in turn might be related in certain cases to enzyme induction in soil microorganisms. The rapidity with which they were degraded indicated that KD35S, NC35S, and NP35S were hydrolyzed by enzymes already present in the microbial cells or adsorbed onto the colloids of each of the soil types. Other esters (C35S, G6 35S, TG35S, and TO35S) were not hydrolyzed immediately, indicating the possible necessity for induction of dissimilatory enzyme synthesis in the soil microorganisms. The existence of enzyme systems other than sulfohydrolases was also detected. It appeared that G635S was degraded to at least four sulfated products and further that TG35S was first slowly converted into another metabolite (probably into TO35S) by peptidase action before desulfation (Fig 2A  and B) . It is thus not surprising that naturally occurring low-molecular-weight sulfate esters do not accumulate in soils, although the possibility remains that traces have not been observed due to the lack of suitable means of extraction and detection.
Ester sulfate, often generally referred to as reducible sulfate (16, 18, 25) , was, however, shown to be present in the humic acid extracted from one of the soils used in this study, thus confirming the observations of earlier workers. Unfortunately, there is no specific test for the ester sulfate group, and its nature can only be inferred from the hydrolytic effect of various reagents, including 2 M HC1 (100 C), methanolic HCI (room temperature), and HI (under reflux). Berkley, 1961 , and unpublished data, our laboratory). Thus, the effect of these reagents on the isolated humic acid observed in the present study are consistent with the existence of sulfate ester groups in the material.
We were not able to determine whether the sulfate groups in the humic acid was alkyl-, aryl-, or carbohydrate esters because of their refractiveness to the various sulfohydrolase preparations. Indeed, the inactivity of the sulfohydrolases toward humic acid might suggest at first glance that sulfate ester groups are not present in the material, but other sulfated macromolecules (e. g., chondroitin sulfates, heparin; see references 7, 8) are resistant to enzymatic desulfation and require breakdown into low-molecular-weight subunits before desulfation occurs. The degradation of humic acid or other soil organic polymers apparently does occur slowly and is almost certainly carried out by microbial, multienzyme catalyzed sequences, producing low-molecular-weight intermediates such as benzoquinone, 2-methyl 1,4-naphthoquinone, salicyl alcohol, and salicylaldehyde (26, 27) . Desulfation of humic acid could result from a sequential attack by depolymerizing and desulfating enzymes. Further studies along these lines would seem worthwhile since the existence of such a mechanism could indicate that the sulfohydrolases have an important role in releasing bound sulfate from storage in soil colloids for microbial and plant utilization.
In any event, the existence of a wide variety of interesting and useful sulphohydrolases in the soil environment is indicated. It can be safely concluded that any naturally occurring sulfate ester returned to the soil will yield inorganic sulfate in the soil water within a relatively short time. Moreover, it seems that these sources of enzymes could yield a number of valuable analytical tools for structural studies on sulfate esters.
